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CHAPTER I 
INTRODUGrION 
The reciprocating pump possesses the inherent characteri~tic of delivering 
a pulsating flow of flui.d,. These pulsations serve no , useful purpose but con-
tinually present a constant source of tr:ouble for the operator. The pressure 
surges created by the reciprocating motion of the pwrq:> a~e not only responsible 
for costly damage to pipeline equipment but also impairs the proper operation 
of the pumping unit .. 
In the oil industryc the problem was initially confronted in the experi-
ences with the first oil trunk line completed in Pennsylvania around 1865. The 
1 
pump used on this pioneer pipeline was a simple single-cylinder pu:mp connected 
to a pin on the flywheel of a single cylinder steam engine. This arrangement 
was soon outmoded by the direct-acting duplex pump (Fig,. 1) which progress,ive-
ly became the standard for pipeline power ,. The poor economy of this pump was 
not of innnediate importance at this early date since it was the only means 
available to pump the oil .. 
-•.u.n-
Fig,. lo Directc double-acting~ steam '. pu:mp 
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The effects of pressure surges did not become a significant factor until 
the change-over from steam to diesel-dri ven pumps had taken place ; the reason 
being that the steam cylinder provided a cushioning effect for the direct-act-
ing pump by operating "short stroke!? and therefore not giving a complete 
positive action to the p'Ulllpo This effect permitted the steam to remain in 
the cylinder at the end o.f each stroke and thus absorb some of the shock of 
the high pressure surge much in the same manner as an automobile shock ab-
sorber SI110oths out the ef'fect.of an unexpected bump., In the diesel-driven 
pump;) the full stroke has to be completed because of the obvious design of 
the crankshaft requiring a heavy .flywheel that permits no damping effect for 
the surges of the pumpo 
The trend i.n recent years has been toward the high-speed multi cylinder 
pump because of the demand .for greater capacity9 higher pressures, higher 
speeds 9 and a substantial decrease in pump weight per unit capacity., Al-
though the surges produced by these high-speed pumps are comparatively small.? 
they cannot be easily reduced since most desurging equipment is not effective 
because of its i.nertla when operating frequencies are above twenty cycles per 
secondo Multicylinder pumps also present another source for trouble due t o 
the tendency of high velocity waves to reflec~ in the pipe and thus build up 
high resonating pressures at st:rategic point s., 
It should be clear that t he problem o:f' punq:, pulsations ls one that wi.11 
become more import.ant as changes in pipeline equipment take place:, a:nd will 
require net1essary investi.gation to cope with changing conditionso The chal-
lenge be.fl.Dre both manuf'a.cturer and operator of reciprocating pumps is that 
of recogn.:1.z:i:ng the sign:i.ficance of the surges and attempting to reduce t heir 
unwanted effects o The material contained with.in th:is thesis is to verify 
some of the suspected effects of pressure surges and to be of value to future 
investigators by providing additional experimental information on the resul:ts 
that :m..1y be e:xpected if surges are to be decreased or ren10vedo 
CHAPTER II 
PREVIOUS INVESI'IGATIONS 
Pump and pipeline companies have always been hunting for new methods of 
improving the applicability., effectiveness, and efficiency of pumping f acil-
itites. Their eagerness to l~arn of these methods has led to important con-
tributions by interested investigators. Some of t he information accumulated 
bears a definite relation to the aims of this report. 
Before 1925 ll the literature on the subject of reciprocating pump surges 
was sketchy and scarce. The only work of significan~e which has come to the 
attention of the author was published in 1903 by Professor John Goodman of 
Leeds, Englando1 In this paper, Prof. Goodman clearly describes observations 
made on a plunger pump 'With and 'Without an air vessel. The objects of his 
experiment were as follows : 
"l. How the "Slip" or the "Discharge Coefficient," of• pump1 
not fitted with a vacuum vesselll also the "Water Ram" pressure in 
the suction pipe are affected byg 
(a) A change of outlet or delivery pressure when the speed 
remains constant. 
(b) A change of speed when the delivery pressure remains 
constant. · 
(c) A change in the length of the suction pipe with the 
other conditions remaining unchanged. 
(d) Running the pump without a suction va.lve. 
2. The exact behavior as regards the opening and closing of 
the suction and delivery valves under various conditions of running. 
3. The speed at 'Which the plunger separates from the water 
during the early part of the stroke and catches it up later on, 
thereby producing a violent bang in the suction pipe. 
4.. The loss of pressure due to the friction of the water 
passing through the valves and passages of the pump. 
5. The mechanical efficiency of the pump under various work-
ing pressures. 
6. The effect of fitting a vacuum or air vessel to the 
suction pipeo" 
1 Go.odman,John, "Hydraulic Experiments on a Plunger Pump , " Proceedjpgs 
Institute Qi Mechanical Engineer§, (Feb. 20, 1903), PP• 12.3-197. 
4 
The results of his experiments indicated that a pump could deliver up to 
50 percent more volume than that displaced by the plunger. Ho-wever, this does 
not indicate that the useful work done in delivering this quantity of water 
against the outlet pressure can be greater than the indicated work done in the 
pump barrel. His general conclusions -were essentially the followingi 
"l. That in a pump w:ithcmt a vacuum vessel, the quantity of 
water delivered depends on the speed cf the pump and on a "Coeffi-
cient of Discharge~. 
2. · Water-ram pressures on pumps not supplied with air or 
vacuum vessels may be serious and very much higher than theory gives • 
.3. Banging in suction-pipes of the pump is due to separation 
of the plunger from the water and their subsequent meeting. 
4o That uncontrolled suction and delivery valves do not open 
and close in the simple manner they are supposed to doj except when 
the pump is running at slow speeds and when delivering against a 
moderate head.," 
Today, the significance of Prof., Goodman 9 s paper is not in the results he 
obtained but rather in the interest he created in many of the engineers of 
that time. It was an attempt to explain some of the unusual phenomenon asso-
ciated with reciprocating pumps which undoubtedly contributed greatly to the 
support or rejection of related theory~ 
In 1925, N. B. Delavan2 :reported on an investigation being conducted at 
Seneca Falls, New York, for the Goulds Manufacturing Company on the existence 
and effects of reciprocating pump surges. Although his interest was focused 
primarily on eliminating the costly damage to pipeline equipment by surges, 
they substantiated many basic facts that had up until that time been quite 
confusing. Mr. Delavan's article could be considered as an introduction or 
synopsis to the complete report published in 1929 by H. Diederichs and 
2 Delavan, N., B. ~.An Investigation Into the Cause of Breakage in Crude 
Oil Pipe-line Transportation Systems" Petroleum Development .ang Technolo~, 
A.I.MoE.; Vol. 3, 1925, ppc 498-520. 
5 
6 
P. Do Pomeroy ,,3 
This final report was swmnarized exceptionally well by the editors of the 
American Society of Mechanical Engineers as dealing 
11 First with the occurrence of surge or oscillating pressures in the 
field, in connection with the pumping of oil1 resulting in some 
cases in serious damageo It next reports upon the experiments 
carried out at Seneca Falls in order to study the phenomenon while 
all the conditions of operation are under definite control. This 
is followed by a study of the theory which underlies the occu.r--
rence, and definite recommendations are given to eliminate ito lt 
is pointed out that the means at hand for do.ing this a.re two fold; 
(a) the establishment of a proper relation between pump speed and 
length of di.scharge line, and (b) the use of air chamberso A dia-
gram is given which shows the relation between length of line and 
the critical speed of duplex and triplex pumps,, and the paper con-
cludes with a discussion of air chamber design and operationo" 
J. w .. Squire4 of the Stanolind Pipe Line Company (now Service Pipeline 
Company) presented a valuable paper on pressure surges and vibration in re-
ciprocating pump piping before the Petroleum Mechanical Engineering Conference 
of the A.S.M.Eo at Amarillo 1 Texas 9 in 19480 His paper gave a brief back-
ground on what had been accompli shed by other investigators and correlated 
their find:i.ngs wi.th what he had done. Mr. Squ.i.re pointed out the ineffeo-
tiveness of the surge chamber on high speed pumps and ind.teated that other 
memis must be employed to eliminate the dangerous pulsations .. His whole idea 
was to stop the surge at the source by redesigning the valves and other pump 
parts and also chmige the pi.ping to avoid. irregularities and thus give a oore 
streamline ef fect to the flowo The paper was concerned primarily with multi-
cylinder pumps and gave evidence that surges cian be eliminated by properly 
designing the pt.Ullp 9 manifoldl1 and pipe layout., 
3 Diederichs, H., and Pomeroy, Wo D. "The Occurrence and Elimination of 
Surge or Oscillating Pressures in Discharge Li nes from Re ciprocating Pumps" 
A.S .M.E. Transactions, Volo 51, PET 51-2, 1929, pp .. 9-49e 
4 Squire, J .. W., 11Pressure Surges and Vibration in Reciprocating Pump 
Piping", ~ Ql.1.9 Vol. 128 Noo 129 March 1949., pp .. 171-182 .. 
w. E. Wilson5 of Rapid City., South Dakota, has worked out an excellent 
method of comparing the performance characteristics of positive~displacement 
pumps and fluid motors on the basis of dimensionless-performance coefficients 
and dimensionless-efficiency curves. The advantage of this method is that the 
performance characteristics expressed in terms of coefficients permits a way 
to isolate the weaknesses of design and assists the redesigning to obtain 
better performance. The dimensionless-efficiency curves aid in presenting a 
wide range of data in compact form and provides a means for predicting the 
performance characteristics under alllX>st any condition. Although this method 
of analysis is not employed in this thesis, its significance in presenting 
the performance data of positive displacement pumps is of great value in in-
terpretating the results. 
5 Wilson, W. E. nperformance Criteria for Positive-Displacement Pumps and 
Fluid Motors", A,S,M,E, Transactions, Vol. 71, Feb. 1949, PP• 115-120. 
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CHAPTER III 
STATEMENT OF PROBLEM 
The primary purpose of this investigation is to determine the effect of 
pressure surges on the mechanical efficiency and general operation of a piston 
pump. 
The mechanical efficiency of the pump is determined rather than the ovei,-
all efficiency because it has more practical significance since the efficiency 
of the driving motor is not included. The Test Codes of the Hydraulic Insti-
tute state that "The performance of pumps is to be based strictly on the actual 
mechanical power input to the pump and not on the arbitrary electrical measure-
ments often used for determining the efficiency of the motor.n 6 The mechan-
ical efficiency which will be determined is the ratio of the water horsepower 
delivered, to the brake horsepower input. 
Items which are included under the general operation of the pump are: 
(a) the instantaneous rate of flow and pressure in both suction and discharge 
lines, (b) horsepower input variation, and (c) the characteristic diagrams of 
pressure conditions as affected by the pulsating surges in both suction and 
discharge lines. 
6 Finch, v. c., ~ Handbook, National Press, 1948, pp. 145-159. 
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CHAPTER IV 
ANALYSIS OF PROBLEM 
Pressure surges are produced as a result of fluid being either accelerated 
or decelerated~ In the piston pump, the pressure surge is caused by the sudden 
increase of velocity given to the fluid by the action of the piston. During 
the discharge stroke, the piston starts with a zero-forward velocity, increas-
ing t o a maximum at approximately midstroke, and decreasing to zero again at 
the end of the strokeo The velocity curve for the piston pump would be the 
top half of a true sine curve if it were not for the variation produced by the 
angularity effect of the crankshaft on the piston rodo In order to have a 
nonpulsating flow from a piston pump it is evident from Figo 2 that an infinite 
number of cylinders would be necessaryo 
The characteristics of the discharge line will materially affect the 
pressure variations in the flow lineo For a short line, where the inertia of 
the fluid column is small and the pipe friction is negligible~ the volume 
entering the line at the pump will be equal to the volume discharged at the 
end of the line at the same instant since no compression of the liquid can 
take place. In a long line, there is a compression of the liquid during the 
middle of the discharge stroke owing to the inertia of the fluid column and 
the pipe friction, which produces a pressure at the start of the line in ex-
cess of the average discharge pressureo During the start and end of the dis-
charge stroke , the pressure is lower than the average discharge pressure 
because of the moving column attempting to run awa:y from the pumpo The pressure 
curve will hence show alternate increases and decreases of pressure at the 
pump end of the line in a periodic mannero The pressure surges will travel at 
sonic velocity through the fluid from one end of the pipe to the other . The 
commonly accepted relationship for the celerity of a propagating pressure wave 
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Degree, of Piston Tra:!el 
Fig .. 2e V'ariation in Discharge Flow per Revolution of Single . 
Acting ~umpso Number of cylinders in pump producip.g curve (1) 12, (2) 10,. 
(3) 8, (4) 61 (5) 4, and (6) 2. · · 
in a fluid .contained in an elastic pipeline is 
in which 
e = --::===1=2===--!: (~ + E dt) 
c = celerity of pressure wave, ft per sec; 
w ~ specific weight of fluid, lbs per eu ftq 
g = acceleration due to grav.t ty, .ft per sec2; 
K = bulk modulus of elasticity of pipe, lbs per in.2, 
E m linear modulus of elasticity of pipe, lbs per in.2; 
d = nom:i.nal diameter or pipe, in .. ; and 
t l!J: w..11 thickness o.f' pipe, in ... 
I 
11 
In the case of wate~ at 700F in a standard 2•inch galvanized steel pipe with a 
nominal diameter of 2.07 in •. Y a bulk modulus of 300,000 lbs per in.2, a linear 
' 
modulus of elasticity of 30~000j000 lbs per in.,2 1 and a wall thickness of 
0 .154 in. ; the celerity of the pres sure wave would be 
12 
C M --;:::;::::==:::;::==::======================-=====~=--[ ~:i / 300!000 + 3o,Ooo,§o-g\ o.i54) 
c ~ 4,680 ft per se~ .. 
A def'ini tio:n of a long and short line has never been clearly def.ined to 
the author's knowledge but from necessity would be limited by the wave length 
of the pressure surge. A short line would hence be of such a length that 
L: c/2f or less 
in which L ::: length, of pipe, ft; 
c:::: celerity of pressure wave.)\ ft per sec; and 
f ~ frequency of pump~ cycles per sec. 
For a lo~g line the length 'WOuld be 
L = 2c/t or more. 
The pulsations produced by a piston pump cen be substantially reduced 
by installing a surge alleviator adjacent to the discharge end of the PUI!lpot 
The action of such equipment tends to even out the surge by absorbing the 
M.gh pressure and filling in the gap on the resulting loy..pressure portion. 
The common air chamlJer operates on the principle that during the middle I>a.rt 
of the delivery stroke, while the fluid is being forced into the delivery pipe 
by the piston with a velocity above average, the additional fluid will flow 
' . 
into the air chamber. When the velocity of the fluid is below average at t,he 
ends of the stroke, the fluid will flow from the air chamber to make up the 
deficiency. The flow in the pipe beyond the air chamber is therefore main-
tained approximately constant. 
The work that can theoretically be saved by attaching a desurger on the 
pUIJ¥) is accomplished by reducing the long fluid column that must be accelerat-
ed with each stroke.. The only volume of.fluid that is accelerated at ea.ch 
stroke will then be in the discharge line between the desurger and the PUIJ¥)• 
The acceleration head required for this length can be considered as insignif-
icant. 
12 
Another way of understanding how work is saved by fitting a desurger to a 
pump is by graphical means. Consider the ideu basic curves for a single-
cylinder double-acting pump.. Without a desurger attached, the velocity-time 
curve would be similar to Fig. 3 which wuld approximate the pressure-time 
curve in the discharge line of the pump. The quantity-time curve for the PWI!? 
will be the same as the velocity-time relationship shown in Fig. 3 since the 
rate of flow from the piston is equal to the area of the piston multiplied by 
the velocity of the pil?~9:0.,less any losses from leakage .. 
·'·:'t'''""' '.'\ - , ... ·. - ... ,.,~'.''.T{.'·· ' 
- - mean velocity 
Fig., 3 .. Time-velocity curve without desurger 
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Part B of Fig., 3 will not be as high as part A because the piston rod vtlll 
talte up a portion of the volu.me normally filled with fluid,, If the pump had a 
desurger attached1 the ideal curve would resemble Fig. 4. 
fl.l 
ea~~~~~~~~~~~~~~~~~~~~~~--. 
Time, sec 
Fig., 4. Time-velocity curve vtlth ideal desurger 
Figure 4 appears as a rectangle because the portion of the curves above 
the average pressure of Fig., 3 have moved horizontally and down to fill in 
the hollows a.s illustrated in F::i.g., 5., 
Figco 5 .. 
Time~ sec 
Time-velocity curve illustrating the manner 
in which higher po~tions of a curve fills the 
lower portions to obtain an ideal desurger curve. 
It is quite evident from Figso 3 and 4 that area A multiplied by the 
distance from its centroid to the b.ase plus area B multiplied by the distance 
from its centroi.d to the base is more than area C multiplied by the distance 
from its centroid to the baseo This 'WOuld indicate that less work is re-
quired to obtain the same discharge from a pump with a desurger than from one 
without a desurgerco 
The thought that gave the first incentiYe to this investigation was that 
it should take less power to move a load. constantly than is required to start 
14 
and stop it endlessly, making it reasonable to expect better economy, smoother 
a.ction, and increased capacity from a given pump .. 
Very little has been mentioned concerning. the suction side of the pwnp 
because this investigation has been concerned primarily with the reciprocating 
surges of the discharge side; however the theory of a piston pump would certain-
ly be la.eking if the characteristics of the suction side were not includedo 
The sm~ge and water hammer produced on the suction side of the pump have 
little relation to that produced on the discharge side., The suction surges 
are dependent materially on the size and length of the suctio:n pipe and on the 
average a11d instantaneous velocity of the flu:id flowing. The water hamer o:n 
the sucti.on side :i.s attributed to the almost instrurl:,aneous closure of the ptunp 
va.lve against t.he fluid flowing toward ito In this case)) the surge is due to 
the rapid deceler::.1tio:n of the fluid whereas on the diseha.:rge side it is due to 
the ri;pid acceleration of the fluid by the pistono 
The suction side also affec,ts other opera.ting factors of considerable 
significance., The rapid deceleration of the fluid in the suction line 'Will 
cause a water hammer pressure equal to 
in which p :-:: water hammer presstu"eJ lbs per ft2, 
w = specific weight of fluid, lbs per cu ft 0 
g = ae:celerlltion due to gravity, ft per sec2; 
11 V "" difference in fluid velocity 1 .ft per sec; and 
ti r.: celerity of pressure wave, ft per sec,. 
The water hammer pressure will le.st for a per:iod of' 
in which 
T:: 2L/e 
T := period of water hammer pressure~ sec; 
L =-: length of pipe, ft; and 
c ~ celerity of pressure wavep ft per seco 
It is obvious that at low discharge pressures, the ptllrq_) could deliver a great-
er volume of fluid than the volume displaced by the piston since the i'luid 
15 
would be driven through the valves. This condition would result in giving a 
volumetric efficiency greater _than unity. This situation exists more .frequent--
ly .in long suction lines since the water harmner pressure lasts for a time in-
' 
terval of 21/o which will allow more fluid to flowthrough the vaJ.ves. 
In the tests eondueted for this investigation, the suction pressure and 
surge -were maintained nearly constant by installing an airdome near the pump 
on the suction side and keeping the suction tank level unchanged. At the 
speeds· the pump was tested, it is believed that the cylinder of the pump was 
full of fluid at ea.ch stroke. 
Secondary surges prod:u.eed by reflecting surfaces play an important part 
.. 
in confusing the results obtained by testing pumps. These surges can be re-
.fleeted from elbows, valves . ., various connections, and discharge tanks. In 
long lines they are a source of.resonating pr.essures wlqieh may build up and 
may cause the containing pipe to be stressed beyond the safe limit.. Since 
tp.is is a fluctuating load, fatigue failure may result in the weaker parts 
of the line • 
. Secondary surges have been minimized in this investigation by using short 
discharge lines as verified by an electro-pressure graph and Cathode-ray os-
oillosoope. The curves shown ·by this instrument connected to the test p'Ullt) 
resemble Fig. 6. 
Time, sec 
· Fig. 6. Pressure-time curve. E.ffeet of reflecting waves 
as obtained with a Short discharge pipee 
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On a p~ with a long d:iseharge line with reflecting surfaces the curves would 
be similar to Fi.go 7 o 
Time, ·sec 
Fig., 7~ Pressure-time curve showing effects of large 
reflecting surges cm che.racter.istic curve 
using a long discharge lineo 
1'7 
CHAPTER V 
APPARATUS AND EQUIPMENT 
All tests were made using a 2i-1' x 3" double-acting, single-cylinder piston 
pump manui'actured by the F. E. Meyers Pump Con;,any of Ashland, Ohio, which was 
generously loaned to the Hydraulics Laboratory of Oklahoma A. and M. College 
for experimental purposes •. The power wa.s furnished by a one-~horsepower single-
phase electric motor, for which accurate efficiency curves were available, and 
the power was transmitted to the pump by V-belts.. The air domes which were on 
the original pump were either removed entirely or filled with water so that 
the surge could be closely controlled. 
The suction pipe contained one, bend 18" from the pump that allowed the 
suction pipe to be suspended in an open tank located about 812 feet below the 
center line of the pump. An air dome was connected at the top of the suction 
pipe with a gate valve to separate the chamber from the pipe. Bourdon pres-
sure gauges were arranged between the air dome and the pump with one gauge 
throttled in order to obtain an average suction pressure and the other allowed 
to oscillate to indicate the magnitude of the surge. Outlets were provided 
for attaching an engine indicator and an electro-pressure graph pickup between 
the pump and the air dome. 
I 
The discharge line was designed to allow the oper~tionof either an air 
dome or a Fluidyn@..mic Desurger. Suitable valves permitted this equi.pment to 
be shut oi'f and thus the water was pumped without any of the pressure surges 
being removed. Two Bourdon gauges were connected b.etween the desurging 
equipment and the pump to provide an average discharge pressure :and an in-
stanta.neous pressure readingo Outlets were again provided for indicators. and 
electro-pressure graph pickup between the pump and the surge equipment. The 
valve for regulating the delivery pressure was placed beyond the air dome a.s 
18 
indicated in Fig o 8 o A spring loaded safety valve wa,s installed to protect the 
equipment if mistakes -were ma.de in operation of the valveso Under normal ope:r-
ation this safet,y valve remained closedo 
The rate of flow vJa.s determined by using the floating bea.m method with the 
water being diseharged into a steel barrel mounted on a Fairbanks-Morse weigh--
ing scaleso A val.ve at the bottom of the -weighing tank pe.rmitted the water to 
be drained when not, bed.ng we:ighedo 
In order to measure the. watt.,-hour input to the electric motor, a 110 volt 
kilowa.tt..~hour meter was found necessacy t,o integrate ·the surging current o The 
meter was calibrated with various constant loads to fa0:ili.ta.te ease of reading 
for short test runso A eonventional wat·t meter was employed to measure the 
watt surge that wa.s reflected on the power supply by the reciprocating motion 
of the pumpo 
Indicators used in connection with the experiments included a Chromatic 
Cantilever Spring Bachrach Ind.i.eator obtained from the University of Wisconsin, 
also two Coil-Spring Bachrach Engine Indi(';ators belcmgi:o.g to the Oklahoma Ao 
an~ M.. Hydraulics La.boratory o 
Electro-press't.1re graph p:i.ckups connected to a Cathode Ray Oscilloscope 
permitted the viewing of surge waves produced by the pump.. Stop watches and 
revolution counters were also essenti.a.l parts of the testing equipment,. 
We:i.ghin.g 
Tank 
Seales 
Discharge 
Pressure__,,/ 
Regulating· _ 
Valve 
Discharge 
Throttling 
Gauge 
Air Dome 
.,,,,,,,.--
Suction 
Throttling 
Gauge 
Suction 
Surge 
Gauge 
Arrangement of Apparatus 
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Desurger 
Air Dome 
....---
Constant 
Level 
Tank 
Fig. 9. View ot Testing J!lluipment 
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CHAPTER VI 
:METHOD OF CARRYING OUT TESTS 
In order to determine the effect of surges on the efficiency and operation 
of a piston pump, it 'ttmS necessary to alter the amount of surge at various 
discharge pressures. The magnitude or the surge was varied by the adjustment 
of valves that changed the degree o.f operation of the desurgers. For a given 
magnitude or the discharge surge and average discharge pressure, the average 
pump speed, the quantity flowing per unit time, the average watts supplied to 
the motor, ~and the values of the average suction pressure and the surge on the 
suction side were obtained. 
The magnitude of the surge and the average pressure for both suction and 
discharge s;ides of the pump were measured by Bourdon Gauges and engine in-
dicators. The Bourdon gauges were calibrated with the conventional dead 
weight tester to insure accurate and consistant readings. Care was exercised 
in obtaining the total sweep of the surge gauges because it is very ha.rd to 
know the en.ct l:imi ts of the hand swing. At the ends of the sweep, there 
appears a flicker or shadow that ma.st be considered as part of the surge. A 
Bachrach Cantilever Spring type engine indicator was employed to.check the 
magnitude of the surge by measuring the height of the characteristic curve and 
referring to the proper scale. 
The average speed of the pump was measured by using a revolutio~ counter 
and measuring the revolutions turned in one minute. Another instrument em-
ployed to measure the speed of the pump was a rtJ aga.bill hand tachoscope which 
consists of a stop watch and revolution counter meshed togethtr in order that 
one stop lever "WOuld control bo.th mechanisms. A tachometer was not applicable 
because the surge of the pump yas re.fleeted directly on the speed of the ~WlJl·· 
No effort was ma.de to maintain an exactly constant pump speed. 
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. For the average watt input to the motor, it was necessary to clock the 
time required for 10 revolutions or the metal disk that revolved within.the 
watt-hour· meter. The calibration constant was round by connecting the meter 
with various constant loads and a regul.ar watt meter. Knowing the watts pull-
ed by the load and counting the disk revolutions for a certain period, the con-
. stant was calculated. 
The quantity of water flowing was measured by the floating-beam method. 
This consists of starting the watch when the beam rises into.balance, then 
adding a weight of 100 pounds to the scales and stopping the watch when enough 
water had emptied into the barrel to again balance the scales. This method 
is approved by the Hydraulics Institute and is accurate to one-:f'ourth of one 
percent~ 
The same proeess ... o!" testing was used with each variation of average dis-
charge pressure and surge pressure, in order to obtain. comparable data. 
Dates Tests Were Made: 
Throttled P, psi 
Discharge sarge, psi 
Throttled P 8 , psi 
Suction Surge, psi .. 
'l'ime-100# water, sec 
Pump Speed, rpm 
Time~lO KW rev, see 
Power Surge, watts 
Throttled Pd, psi 
Discharge Surge, psi 
Throttled P 8 , psi 
Suction Surge, psi 
Time-100# water, sec 
Pump Speed, rpm 
Time-10 KW rev, see 
Power Surge., watts 
Original Experimental Data 
Run #1 
Run #2 
Run #3 
Run /14 
Run :/15 
Run 
140 
20 
-3.7 
4.9 
3 87.6 
4 88.0 
3 344 
4 345 
3 9.7 
4 9.4 
3 190 
4 200 
120 
20 
-3.7 
4.9 
2 86.6 
3 86.8 
4 87.5 
2 345 
3 348 
4 350 
5 
-2 10.5 
3 10.7 
4 10.5 
2 180 
3 180 
4 190 
August 23, 1959 
September 4, 1.950 · 
September 30, 1950 
October 7, 1950 
October 20, 1950 
130 1.30 
20 40 
-3.7 -.3.7 
4.9 4.9 
87.6 87.2 
87.7. 87.3 
347 345 
347 347 
10..0 9.8 
10.1 9.8 
190 190 
190 200 
120 120 
40 60 
-.3.7 -3.7 
4.9 4.9 
--
86.9 
86.8 87.2 
87 .• 5 87.2 
-
34'7 
347 347 
348 .346 
347 346 
10.6 
10.4 10.2 
10.4 10.2 
200 
190 200 
190 200 
24 
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Throttled Pd, psi 110 110 110 110 
Discharge Surge, psi 20 40 (:IJ 80 
Throttled PS' psi -3 .. '7 -3 .. 7 -3o'7 -3.7 
Suction Surge, psi 4,,9 4,.9 4,,9 4o9 
Time-100# water, see 2 88 .. 1 86 .. 8 86 .. 8 87.8 
3 85,.8 86.o 86.4 86 .. 8 
4 86 .. o 86 .. o 86.4 86.8 
PUlllp Speed, rpm 2 348 34'7 346 345 
3 348 350 .348 346 
4 350 350 349 349 
5 
--
349 348 348 
Time-10 KW rev, see 2 10 .. '7 10 .. 8 10.4 10.0 
3 11 .. 0 10 .. 9 10.8 10.6 
4 11 .. 2 11 .. 0 10.s 10.,6 
Power Surge, watts 2 180 180 190 200 
.3 170 180 190 200 
4 180 180 190 210 
Throttled Pd, psi 100 100 100 100 100 
Discharge Surge, psi 20 40 (:IJ 80 100 
Throttled Ps, psi -3 .. 7 -3 .. 7 ~-37 -3.7 -3.7 
Suction Surge, psi. 4.9 4.9 4.9 4.9 4.9 
Tim.e-100# water, sec 1 85.7 85.7 86.o 86.3 86.4 
2 86.2 87 .. 0 86.8 
3 85.4 85.4 85 .. 6 85.7 85.7 
4 86 .. 2 86.2 86 .. o 86.2 
Pump Speed, rpm 2 .352 348 348 
3 351 351 350 352 351 
4 351 351 .350 351 
-5 .352 .351 .350 350 349 
T ime-10 KW rev, sea l 11.,8 11.6 11.4 11 .. 2 11.0 
2 11 .. 2 11.0 10.,8 ---c-ir.• 
---3 12.0 11.8 11.6 11.2 11 .. 0 
4 11.8 11.8 11.6 11 .. 4 
Power Surge, watts 2 170 180 190 
3 160 170 180 190 190 
4 J.60 170 180 200 
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Throttled Pd' psi 90 90 90 90 90 90 90 
Discharge SurgeJ psi 10 20 40 60 80 100 120 
Throttled P 6 , psi =3o7 =3o7 -3,,7 -3,,7 -3/7 -.3 .. 7 -3o7 
Suction Surge, psi 4o9 4.,9 4o9 4o9 4,,9 4,,9 4,,9 
Time=lOO# water, sec l 8506 85,,9 8600 8602 86.,4 86,.6 
2 8604 8601 86.,6 
3 85ol 85.,2 85o3 85,,3 85.,1 
4 .85o3 85,.9 8506 8506 8600 8602, 
Pump SpeedJ rpm 2 354 351-e 353 
3 .352 352 .351 352 351 
4 353 352 352 351 350 350 
5 .353 352 352 351 351 
Time=lO KW rev, sec 1 12,,8 1206 12,,2 12,oO 1108. lL,6 
2 12o0 12,,0 12o2 
3 12 . .,6 12.,4 12 .. 2 12.oO lL,8 
4 12.,5 12o5 12,,4 12.,2 12.,0 1108 
Power Surge, watts 2 150 160 160 
3 150 160 180 180 190 
1,, 1.40 150 160 170 190 210 
Throttled Pd, psi 80 80 80 80 80 80 80 
Discharge Surge, psi 10 20 40 6o 80 100 120 
Throttled P s 9 psi =Jo? -3o7 -3o7 =.3o7 =.3,,7 =3o7 ... 3.,7 
Suction Surge, psi .4,o9 4.,9 1~.,9 4.,9 4o9 4o9 .4.,9 
Time-100# water~ sec l 85o0 85.,2 85,,3 85 .. 4 85 .. 8 8604, 
2 8:,.,5 86"2. 
3 8406 85,,9 8408 8408 8L~.,8 84.,9 
4 85.,1 85,,6 8:5o4 85o.4, 85o3 8601 8608 
Pump Speedv rpm 1 :354 3:54 .352 352 351 '.350 
2 357 .35.3 
3 352 .'355 354, .356 .355 354 
4. :355 354 353 353 353 .353 352 
5 354 .3:5li, 353 :352 .351 
Time,=10 KW rev9 sec l l3o4 lJ,,2 13.,0 12.,8 1206 12,o.'2 
2. 1'3o0 1208 
3 .1308 1306 l.3o2 IJoO 12.,8 12.,6 
4 lJol} 13.,3 .1'3o2 ·13,.0 1208 1:2.,6 
PoiiJBr Surge, watts 2 1.30 140 
'.3 1,30 140 150 160 170 180 
4 1:30 M.O 150 160 180 190 190 
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Throttled· Pd, psi 70 70 70 70 70 70 70 
DisGharge ,Surgep psi 10 20 40 60 80 100 120 
Throttled P s, psi -3 .. 7 =3,,7 -3 .. 7 -3,,7 -.3 .. 7 -3o7 -3 .. 7 
Suction Surge, psi 4 .. 9 4.,,9 4o9 4.,9 4()9 4.,9 4o9 
Time-100# water, see 1 85 .. 2 85,,6 85.,8 8600 8601 86 .. 4 86 .. '7 
2. 85 ... .3 84o9 
3 8601 84 .. 6 8408 85o5 85 .. 7 85o0 
4 84 .. 6 84o9 8406 85o0 85 .. 1 84 .. 9 
Pump Speed, rpm 1 .358 356 355 354, 353 353 .352 
2. 357 357 amzt:."::1-1-0 
.3 355 354 .352 35.3 .35.3 .353 
4 356 355 .356 355 35.4 354, 
' 
5 .3:5.4 354 35.3 353 353 
Time-10 Ira rev P sec 1 14 .. 2 14 .. 0 13 .. 8 1.3 .. 5 l.3o2 13 .. 0 12 .. 6 
2 1308 13.,8 
3 14.,5 14 .. 2 1308 1.306 13,.4 13 .. 2 
4 14 .. 6 14 ... 4 l.4 .. 0 13 .. 7 13.,6 13 .. 5 
Power Surge, watts 2 12.0. 130 
3 1.30 1.30 11~0 150 160 180 
4. 120 120 130 150 160 170 
Throttled Pd:> psi 60 60 60 60 60 
Discharge Surge, psi 10 20 40 60 80 
Throttled P 8 , ps.i -3 .. 7 -.3o7 -3 .. 7 -.3e7 -3~7 
Suction Surge, psi. 4 .. 9 4o9 4.,9 4.,9 4.,9 
Time-100# water, see 1 85 .. 9 85,.3 86 .. 2 8604 86,.2 
2 85,.8 86 .. o 
3 83oJ 84 .. 4 84o2 84 .. 0 84.,8 
4 84o.3 85.,2 84.,9 85 .. 0 84.,2 
Pump Speed, rpm 1 359 358 35'7 3:55 .355 
2 355 356 
.3 357 355 .~j53 352 353 
I+ 356 356 356 356 356 
5 357 356 355 :.351+ .35.3 
Tim.&~10 KW rev, see 1 15 .. ,4. 15o2 15 .. 0 15 .. 0 l.4,o2 
2. 15.,0 14 .. 8 
.3 1.5 .. 2 15 .. 0 14 .. 8 ll?o4 1.4.,2 
4 15 .. 4 15 .. 2 15 .. 0 1408 14o2 
Power Su:r.ge, watts 1 110 110 1.20 130 150 
. 2. 100 110 ~t.llO ... ....... 
:3 110 120 1::30 140 150 
4 1.10 110 120 130 150 
27 a. 
Throttled Pd, psi 50 5() 50 50 50 
Diseharge Surge, psi 10 20 40 w 80 
Throttled P s, psi -3/7 -'3.,'7 =3o7 ~3.,7 -.3,,7 
Suction SurgeJ psi 4o9 4,,9 4.,9 ,4,.9 4o9 
Tim.e-100# water, see 2 83 .. 6 84,,2 
3 8.3 .. 7 8.3 .. 5 8J .. 6 84 ... 8 83.,:5 
4 8.3.,7 84ol 84 . .,0 84 . .,,4 8.3 .. 8 
Pump Speed9 rpm 2 360 .360 a=,f;gpg 
3 357 356 J56 3:55 355 
4 35'7 357 .357 355 356 
5 358 .35'7 .356 .356 355 
Time-10 KW rev9 sec 2 16.,0 16.,2 
3 16 .. 2 16 .. 2 16.,0 1508 15.,6 
4 16 .. 4 16 .. .3 16.,2 1.508 15 .. 8 
Po'\il'9r Surge., w.tts 2 100 100 
3 90 100 110 120 140 
4 100 100 110 120 1.30 
Throttled Pd" psi 40 40 4.0 40 
Discharge s:urge, psi 10 20 40 60 
Throttled P s)) psi -3o'7 ... 3,,:-7 -3o7 -3 .. 7 
Suction Su:rge 9 pai 4.,9 4.,9 4,,9 4,.,9 
Timec:•100# w.ter, S6(!: 2 8.3o4 84"9 
3 8,'3.,7 83 .. 4 83 .. 1 8.3 .. 9 
4 83./l 8306 83 .. 4 8Jo2 
Pmn.p Speed, rpm. 2 359 356 
3 358 .358 .355 .355 
4 358 .359 .357 35'7 
5 358 358 3:57 356 
T ime-10 KW rev 1 sec 2 17 0:3 17o4 
3 17~8· 17o2 17.,0 17.,.0 
4 17.,.6 17.,4 17.,2 17.,0 
Power· Surge 9 watts· 2 80 90 
3 80 90 100 110 
4 80 80 90 100 
Throttled Pd.? psi 
Discharge Surge9 psi 
Throttled P s, psi 
Suet ion Surge, psi 
Tilne-100# water, sec 
Pump Speed, rpm 
Time-10 KW rev, see 
Power Surge, watts 
Throttled P dtr psi ' 
Discharge Surge, ps:i. 
Throttled P 551 psi 
Scuetion Surge!> psi 
Time-100# water, see 
Pump Speed, rpm 
Time-10 KW rev, see 
Power Surge 11 wa.tts 
2 
.3 
4 
2; 
3 
4 
5 
2 
3 
4, 
2 
3 
4 
2 
3 
4 
2. 
3 
4 
; 
2 
., 
4 
2 
3 
4 
.30. 
10 
-..3.,7 
4o9 
84o5 
82.6 
82 .. 8 
359 
358 
358 
359 
18 .. 6 
19o2 
19 .. 0 
60 
60 
70 
20 
10 
-3 .. '7 
4 .. 9 
82 .. .3 
82 ... 6 
358 
360 
.360 
50 
50 
.30 
20 
-3.7 
4.,9 
84 . .,0 
83.,3 
83.,4 
.359 
358 
357 
358 
1808 
18,,8 
19 .. 0 
70 
70 
70 
20 
20 
-3 .. 7 
4.,9 
358 
•. i...... 
.359 
--· 
20oJ~ 
--
-60 
27 b 
30 
40 
-3o7 
4.,9 
8.3.,0 
83 .. 0 
357 
359 
358 
18 .. 6 
18 .. 4 
80 
80 
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Calculated Data 
Rate of Flow, lb/sec 
Throttled Run Discharge Pressure Surge~ J2Si 
pd' psi No-. 10 20 40 60 80 100 120 
20 3 1 .. 215 L218 
4 L,210 
.30 2. 1 .. 18.L~ 1 .. 190 
3 1.,210 1 .. 200 L.205 
4 1.,2.08 1.200 1..206 
40 2 .1,,2.00 1 .. 180 
3 1.195 1.200 1 .. 220 1 .. 202 
50 2 1.,196 1 .. 189 
3 1.,195 l .. 199 1 .. 195 1 .. 180 1,,198 
4. 1 .. 195 1.,1.89 1 .. 190 1.,185 
60 1 1.,165 1.,172 1.,161 L159 1.,161 
2 1..,165 1 .. 164 
3 102,00 1.,185 L,184 1 .. 190 1 .. 179 
li, lol.88 1..175 1.,180 1.,176 1 .. 175 
70 l 1.,193 L,187 1.185 1.,182 1,,180 1 .. 178 1.,174. 
2 lol72 1 .. 179 
3 10161 1 .. 182 1.,180 1,,170 1.168 1,,177 
4 1.,182 1 .. 179 l.,;l.82 L150 1.,174 1 .. 180 
80 l 1.177 1.,173 1,,172 1 .. 170 1 .. 166 1.,158 
2 L,170 1.,161 
.3 1.,182 Ll65 1.180 1.,180 1.,180 1.,179 
4 1 .. 175 L.169 L,172 L,17.3 L172 1.,161 1.152 
90 l 1,,J.69 L,16A 1 .. 162 1.160 1.158 L155 
2 lo158 1.,160 1 .. 155 
3 Ll75 1.,173 1.171 1.,171 1 .. 175 
4 lo17.3 1.165 1 .. 168 L168 1,,16.3 1~160 
100 1 L172 1 .. 168 L.162 1.,159 1..158 
2 1 .. 161 1 .. 150 1 .. 151 
.3 Ll?l 1 .. 171 1..168 1,,166 L166 
4 1 .. 160 1 ... 160 1.,164 L160 
110 2 1 .. 1:35 L151 1.,151 loL'i.O 
3 1 ... 165 1 .. 161 1,,158 1.,156 
I+ 1.,164 10164 1 .. 158 1.,151 
120 ''i ,:;., 1 .. 155 L.151 
? . 1.,151 1.,151 1.,148 ..... , 
4 1 .. 14.3 1 .. 111.3 1 .. 148 
130 3 l.,L[i.0 1 .. 148 
4 1.,1,4.1 LU5 
140 3 1 .. 1,41 
4. l.JJ6 
29 
Pump Input, hp 
Throttled Run Discharge Pressure Surge 2 :QSi 
Pd' psi No .. 10 20 40 60 80 100 120 
20 3 .,425 .,4.30 
4 .. 430 
30 2 0490 .,480 
3 .,470 04.85 ,,505 
4 .,480 .. 1~80 .,500 
40 2 .,540 0538 
3 o:5:30 .. 51+5 .,555 .,555 
4 .,530 .,540 o550 .,555 
50 2 .,595 0590 
3 e590 .,590 .,595 .. 605 .,615 
,4 .,580 ,,585 .,590 .,605 .,605 
60 1 .. 625 ,,635 0645 .,645 .,690 .. 710 .,730 
2 061~5 ,,655 
3 ,,635 .,645 ,,660 .. 680 0690 
4 0625 .6JO .,635 .,645 0655 .. 665 
70 1 .,690 .,700 0710 ,,730 ,,750 ,,760 .,780 
2 .. 715 ()r-115 
3 .,675 .,690 ,,710 .. 730 0740 .750 
4 ,,665 .. 680 ,,'?00 ,,720 .,7JO .. 735 
80 l "71}0 0750 0765 .. 780 .. 795 .. 820 
2 ,,765 .,780 .,780 .,795 
J .. 710 .. 730 0750 .. 770 0780 .. 795 
4 ,,740 ,:755 0760 .. 770 0785 .. 795 .. 800 
90 1 .,?:3C ,,795 .. 820 .,835 0850 .. 875 
2 ,,8,35 .,835 08~~0 
3 ,,795 0810 .,820 .,835 .850 
4 ofsOO .,800 .,805 0820 08:35 .. 850 
100 1 0850 ,,8'75 .. 885 .. 900 .. 920 .,940 
2 .,9()0 .,920 .,940 
3 8'J,. " ./) 0865 .,865 0905 .. 920 
4 .,850 0850 .,865 .,880 
110 2 ,,950 .,940 ,,965 .,966 
.3 ,,920 <)930 0940 .,960 
4 0900 0920 ,,935 .. 960 
120 2 lo050 loOJO 1 .. 040 
3 .. 950 ,,9?0 1 .. 000 
4 (>970 .,975 e995 
130 3 1 .. 150 1 ... 350 
4 1.,050 L,350 
140 .3 1,,4.50 
4 1.,800 
.30 
Calculated Results 
Throttled Pd., psi 20 20 
Discharge Surge, psi 10 10 
Throttled P s' psi -3 .. 7 -3.7 
Rate of Flow, lb/sec 1.211} 1.213 
Speed of Pump·r rpm 359 .. 1 358 .. 5 
Pump Input i hp .,427 .. 4.3.3 
Work Output, rt 55.8 5508 
Water HP Outpu:i:;, hp .. 1222 .. 1221 
Mech. Efficiency,% '28.65 28 .. ;2 
Vt Pumped, cuft/sec .02042 .0204 
V Pumped, cuft/sec .0195 .,0191;.5 
V~l. Efficiency., % 95 .. 3 95.,6 
Throttled Pa, psi 30 .30 .30 
Discharge Surge, psi 10 20 40 
Throttled P 6, psi --.3 .. 7 -.3 .. 7 -3 .. 7 
Rate of Flow, lb/sec 1.207 1 .. 2065 1 .. 206 
Speed of Pmnp, rpm 358.9 .358035 357,,4 
Pump Input, hp .478 .. 485 ,.494, 
'Work Outpu:t, ft 78 7R 78 
Water HP Output, hp .. 1696 .. 1695 .1694 
Mech., Efficiency,% 35.,45 34.,95 34.,32 
Vt Pumped, curt/sec .. 0204 .. 020.39 .. 0203 
Va Pw,nped, curt/sec .. 01937 .. 01935 .01932 
Vol. Efficiency,% 95 .. 0 95 .. 1 95.,3 
Throttled Pd' psi 40 40 40 40 
Discharge Surge, psi 10 20 40 60 
Throttled P s, psi -3.7 -3 .. 7 -3.7 -3.7 
Rate of Flow, lb/see 1.201 0.,200 1 .. 1995 1 .. 990 
Speed of Pump, rpm 358.,4 357 .. 9 357 .. l 3560,/+ 
Pump Input, hp .,529 .,5375 .51,,.75 .,557 
Work Output, ft 102 102 102 102 . 
Water HP Output, hp .. 2228 .. 2225 .. 2222 .. 222 
Mech. Efficiency,% 42 .. 15 410/t 40.6 39.,82 
Vt Pmnped, cuft/sec .02039 .,02038 .. 0202S .. 02025 
Va Pumped, cuft/ sec .. 01929 .,01926 .. 01923 .. 01920 
Vol. Efficiency,% 94.,6 94,,7 94.,8 95.,0 
Throttled Pd, psi 50 50 50 50 50 
Discharge Surge, psi 10 20 40 60 so 
Throttled P s, osi -3 .. 7 -3 .. 7 -3.,7 -3.,7 -3 .. 7 
Rat~ of Flow, lb/sec· 1 .. 195 10194 1 .. 193 1 .. 192 1 .. 190 
Speed of Pump, rpm 357 .. 8 357.,.3 356.,4 355.,8 355,i,5 
P'tll1Jp Input, hp .580 .. 590 .. 603 .. 614. .,625 
Work Output, ft 125 125 125 12.5 125 
Water HP Output, hp .. 2718 .. 2715 .. 2.71 .. 2708 .. 2703 
Mech. Efficiency,% 46 .. 8 46 .. 0 44.,9 44 .. 1 L,3,,.3 
Vt Pumped, cuft/sec, .02038 .,020.33 .. 12022 .,12021 .. 02020 
Va Pumped, curt/ sec .01919 .,01918 .. 01917 .,01915 .,01912 
Vol. Efficiency, % 94.3 94 . .,4 94.6 94.7 91}<>75 
31 
Throttled Pa, psi 60 60 60 60 60 60 
D:i.scharge Surge, psi 10 20 40 60 80 100 
Throttled P 8 , psi -J,,7 -3.7 -·3.7 -3 .. 7 -3.,7 ·-J •. 7 
Rate of Flow:1 lb/sec L189 Ll88 1,,187 Ll86 1~184 1.183 
Speed of Pu.mp 1 rpm: 356 .. 9 356.,4 355e6 355,,0 354 .. 6 354 .• 5 
Pump Input, hp .. 632 .. 645 ,,657 .. 668 .. 680 0694 
Work Output Y ft 148 148 148 1/+8 148 ll~8 
Water HP OutputJ hp ,,320 .,Jl97 .,319.3 ... 319 .. .3186 .3183 
Mech,, Effic:teney, J0 5006 1,,.906 l,y8,,,6 47 .. 7 46 .. 8 45.,9 
Vt Pumped, C f' / .,02035 .0203 .,0202 .02019 .. 02018 .. 02017 u.t.1 sec 
V8 Ptmrped, cuft/sec .. 01906 .01901~5 .. 01903 .. 01902 001901 .,01900 
Vol a Effieieney? % 93,/1 93 .. 8 94c2 9Li- .. 25 94.,3 94,,4 
Throttled P ch psi 70 70 70 70 70 70 
Discharge Surge, psj_ 10 20 4.0 60 80 100 
Throttled P 8 , psi. -3.,7 -3,,7 -3o'7 -3,,7 -3o'7 -3,,7 
Rate of FlO'ftJ' · lb/ see 1.,182 1 .. 181 1~1805 1.,179 1,,178 1 .. 176 
' Speed of Pu.mp, rpm 35600 355,,4 35,4.,5 354 353,,6 35.305 
Pump Input ti hp .,683 ,,6975 .,712 .. 723 .,737 .,751 
Work Out-put, f~t 171 171 l'Tl 171 171 171 
Water BP Ou·tput, b:p ,,3675 ,,3670 .,3668 ,,J662 03659 .. :3655 
Mech,, Efficiency 5 % 53 .. 8 52,,6 51 .. 5 50,,6 li,9~6 11.806 
Vt Pumped, cn:i:ft/sec "02.025 .,02020 002019 ... 0201 .02008 ~02007 
Va Ptmrpeds c:uft/ sec ,,01899 .,01898 ,,01896 008195 .,01890 ~0818'7 
V 1 Ef f' 0 · • • " 01 9Jo5 9306 93,,7 93,.9 94e0 94~0 o .~ .. iciern.,y, 70 
Throttled Pd, ps:t 80 80 80 80 80 80 · 
Discharge Surge; psi. 10 20 40 60 so 100 
Throttled P s, psi -3o'7 -3.,7 -J.7 -3o7 -3~7 ·-J,,7 
Ra.te of' FlowJ lb/sec lol76 L.175 1 .. 174 1~173 L.172 1.170 
Speed o.f Pu..mp, l"})Ill 354,,9 J54,o2 353.,4 352,,8 352 .. 5 35204 
Puinp Input;i hp ,,'73/+ .,750 ,.766 .,780 0793 .,808 
Work Output, ft 191~.,~i 194 .. 2 19/+o2 19,4. o:l 194,,,2 194 .. 2. 
1.Jater HP Output, hp 04155 ,,,.415 ,,4147 .,lJ,.l,45 ... 4J.4 .,413 
Mech., Efficiency, % 56.,'7 55.,3 54.,05 53 .. l 52 .. 2 51 .. 2 
Vt, PumpedJ curt/ sec .. 02020 002017 .. 02009 .. 02005 ,,02002 ,.0200 
Va Pumped, ,xuf't/ sec ,,01887 .01885 .. 01883 .,01888 001880 .. 01878 
Vol., Efficiency, % 93 .. 4 93o5 9:3.,6 93"8 9Jo9 93"9 
'I'hrottled Pd' ps:i 90 90 90 90 90 90 
Discharge Surge, psi 10 20 40 60 so 100 
Throttled P 8 , psi -3.,/l -3,,7 -3,,7 -3,,7 -3.,7 -3.,7 
Rate of Flow, lb/sec 10170 10169 L168 L166 1.165 1..162 
Speed of P~, rp:m 353.,6 35209 352 .. 0 35lo5 351.,2 35101 
Pump Input, bp /785 .,802 .,820 .835 .. s50 0865 
Work Ou:tputp ft 217 217 217 217 217 21'7 
Water HP Outputp hp ,,.l,6.2. .,Li.613 ,,,4.607 .,11.60 ./4-591 .. 4582 
Mech., "Efficiency, % 5808 57o5 56ol 55.,1 54,,0 53.,0 
Yt PumpedJJ cuft/sec .,02008 .,02006 .,0200 Q{)l995 .,0199 .,01986 
Va Pnmped, cuf't/sec 001878 .,01875 .,01870 ,,01.868 .,01865 001863 
VoL E.fficdeney, % 9.3oJ 93,,4 93o5 93.,5 93,,6 93.,8 
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Thro·i;tled P a,9 psi - 100 100 100 100 100 
Discharge Surge, psi 20 40 60 80 100 
Thrott.}ed P ~i, psi -3/7 -3<> 7 -.'.:Jo7 ~3/7 ... 3./1 
Rate oif F.lcrw, lb/se~ 1 .. 162 L16J.. 1 .. 160 1 .. 159 1 .. 158 
Speed of' Punq;-i; rpm. 35L,5 .35005 35001 349,.9 349.,7 
Pump Input, hp .. 855 .. 875 ,,890 ..906 .. 922 
Work Output 9 ft ·241 241 241 241 21}1 
Water m> Out,put-, hp .,510 .. 509.3 .. 5086 .. 5078 0507' 
Mech o E.ffiG:ie:ncy P % 5906 58o2 57,,2 56.,0 55.,0 
Vt Pumped9 curt/se~ o0?.00 001994 .,0199 .. OJ.985 .. 0198 
Va. PumpedJ cu.ft,/ se© .,Q1861 001860 001859 001855 .,t:1853 
V1 Etf 0 "'·0 · % 93-o2, 93.,25 9.3 .. 25 93.,4 9).7 o .. ., .. -- 1.,.,.1ency 9 _ 
Throttled 'pd,, "! 110 110 110 110 p:6.J. 
Discha:t·ge Smge ~ psi. 2,{) 1,.0 60 80 
'.I'.hrottle<i P 6 ,,, psi. · -J./7 -3~7 -3 .. 7 -..':} o·7 
Rate of' Flow, lb/se(i 1.,156 1.,155 l ··-~4 1.,153 ,o.l.) 
Speed of Pu.mp;, rpm' .'350 349 .348.,5 .3.48 .. 4 
Pump Input;,, hp 0907 092$ .,91,.5 0962 
Work Output :J ft 264 2t.»4 264 26!" 
Water BP Output,, hp 0555 05549 '055.44 0554 
MeClh., Ef'ficdency,, % 61.,2 59./l 5806 5?o5 
Vt Pumped, euft/se~ &OJ.9911- 001990 .. 019875 .,01984. 
V 8, Pumped, _cu.ft/see .,01858 .,01855 o0.1852 .,01.850 
Vol., Efficien.cry il % 93 .. 1 9.3 .. 2 9.'.3o25 93,,3 
Throttled P d9 psi. 120 120 1~!0 
Dischal:•ge Surge" psi 20 40 60 
Throttled P s, psi -3 .. "l -3 .. 7 . =.?. .,'7 
Rate of Flow, lb/se@ L,150 lo/+4$ 1.,147 
Speed o.f P·mnp !I :rpm .348 .. :3 34704 :v,..7 
Pump Ir:tputj hp 0960 098:3 1.,000 
Work Oti.tput, ft 287 287 28'7 
Wa:ter HP O·dtputi> hp .. 5'790 .. 5780 o5~170 
Meche E.f'fiGienoy$l % 60 .. 3 58,,8 57 .. 7 
Vt Ptunpedti 1:::uft./se(i .. 01982 ,.Olo/17 001975 
Va Pumped, 0·11:f't/sec 00184.9 001840 001838 
Volo Efficienc:y9 % 9:3 .. 0 93 .. 1 93.,1 
Th:t\?t;tled P d,,9 ps:t 130 130 1,4.0 
Discha1,•ge Sl.lrgei, ps:l 20 .40 20 
Throttled P 19 ,)> psi -,'3.,'7 -:J,,.7 . ·-3$0'/ 
Ra.te of FlOTrJ':, l.b/se@ l .. lli,,'.3 1.,14,1.' 1.,13? 
Speed o.f' PUIDp, rpm 34,6 .. 6 .'345 .,v7 .31i4 .. 8 
Pump Input, hp 1 .. 012 1.,03"1 L,06:5 
Work Output, rt .'309 .309 .332 
Water HP Outpu:t, hp ,,6/v..,5 ,,6/i1.8 .. 6860 
Mech Effij;::.tent.v, % 63o:5 :62 .. 0 61+..4 
Vt Pumped1 ©uft/see 001971 ,,01970 00196.'3 
. V 8, Pumped, eu.fi;/aerc 0018.31 001830 .,01825 
Volo E.ffioiemr.r, % . 92,.,9 92 .. 9 92o9 
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CHAFTER VII 
SAM?LE CALCULATIONS 
All s~le calculations are made for a discharge pressure of 60 psi, a dis-
charge surge with a magnitude of 60 psi, and a suction pressure of .• 3,.7 psi. 
Work Done by the Pu.mp in Feet of Water: 
Using Bernoulli' s Equation as applied to a pump, 
Work :.;: (P&'w + Va,/2g. -I- Zd) - (P ~/w ,- V~/2g T Z8 ) 0 
· Since the average velocity entering the pump is essentially the same a.s 
the velocity leaving the pump, then 
where: 
:: specific weight of fluid or 62o.3 lb/ cu ft@ 75°F; 
= throttled discharge pressure, psf, 
= throttled suction pressure, psf; 
: elevation of discharge gauge, ft; and 
= elevation of suction gauge, fto 
Pt= Pa - Ps or total pressure, psi; and 
Zt = Zd ~ Zs or difference in elevation, ft~ 
At given conditions, Zt :: 1 ft and Pt= 6.3o7 psi. 
Work = 2.,.31 (6.3.7) + 1 :.:: 148 ft lb/lb~ 
Rate of' Flow from Pump; 
In the original data~ the time in seconds for 100 lbs of water to trip 
the measuring scales was obtained itherefore, 
Q ~. 100/time ~ lb/sec~ 
At given cond:i.tions, time 'Was 84.,5 sec; therefore/) 
Q: 100/84.,5 n L,186 lb/sec,. 
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Water Horsepower Output of Pumpz 
HP O :: Work x Q/550 
At given conditions Work was 148 and Q ~ 10186 lb/sec; therefore, 
HP O :,, 148 x L,186/550 :;: 0.,3190 hp. 
Calibration of Watt Hotu• Meter: 
W: watts pulled by a constant load as indicated by a conventional 
watt meter, watts., 
~::: time required for 10 revolutions of watt-·hou'J'.'< .. meter disk, sec; 
N ~ revolutions of disk, and 
.c: calibration constant for the watt-hou:r--,,meter .. 
'I'ime required for 10 revolutions of disk for one load of 1060 watts was 
9o9 seconds; therefore, 
C :: (1060/10) x 9 .. 9 = 1050 watt-see/rev .• 
'I'his value of the calibration constant was the average of 8 different 
resistances .. 
Horsepower Input to the Pu.mpg 
Wm~ watt in.put to motor 
Wm = 1050 N/Tw" 
. At given conditions N was 10 rev and Tw was 14o5 sec; therefore, 
Wm s 1050 x 10/1405 :: 725 watts~ 
From the efficiency curve of the electric motor, Figo 12, the horsepower 
output of the motor can be determinedo By neglecting belt slip, the 
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motor output can be assiuned equal to pump horsepower inpute. For 725 watts, 
the pump horsepower input wuld be Oo67 hp., 
Mechanical E.fficieney of the Pu.mpg 
ME :: HP /HP • x 100 0 1 
Using the previous calculated values for HP O and HP 1, 
!heQretieal Volume ~umped per Second: 
A = area of piston, sq ft; 
L :: length of stroke, ft; · and 
ns : strokes of pump per seco 
Vt : A.Lns• 
For the double-acting pump used, 
Diameter of cylinder is 2i- inches, 
Length of stroke is 3 'inches, 
Volumes pumped per stroke is~, and 
Revolutions per stroke is 5. 
Expressed in terms of revolutions per minute of the pumpp 
Vt : T-(213): X 11' X 3 X 2 X BPMµ 
1728 X 4 X 5 ·x 60 . 
. Vt :: 0.0000569 x RPI\,• 
At the given conditions, pu.mp speed was :355 rpm; therefore,. 
Vt= 0.0000569 x 355: .02019 eu ft/sec. 
Actual Volume Pumped per Second: 
Va= Q/w c·a ft/seo., 
At given conditions rate of flow was l .. 186 lb/sec; therefore, 
i ' Volumetric Efficie~oy: 
VE: Vaf'lt x 100. 
Using the prev:i.ous calculated values for Va and Vt' 
VE: .01902/02019 = 94025 %. 
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CHAPTER VIII 
SUMMARY: 
The task of testing a reciprocating pu.I!1p and interpreting the data in-
valves the study and practice or :f'und~ntal engineering principles. The nature 
and effects of' the d~fferent surges developed in operating a piston pump have 
always been of great concern to pump and pipeline companies ·and their interest 
has prompted the investigation of some of the accompanying phenomena. 
The equipment for the series of tests performed was arranged in order to 
maintain the variables of the suction side of the pump nearly constant and the 
discharge side was designed to allow both surge pressure and average discharge 
pressure ~o be varied over a large range. The design of the apparatus not 
only permitted obtaining comparable data that would give .a trend of the effects 
of reciprocating surges but also helped to control other factors that could 
::t.nnuence the results. 
The series o.f tests made, proved that the mechanical efficiency of ~ 
' 
piston pump can be substantially increased by removing the reciprocating. 
surges. The mechanical efficiency of the test pump was improved six percent 
by decreasing the magnitude of the discharge surge from 100 psi to 10 psi. 
Improved performance can also be realized by redueing the magnitude o:f' the 
I . , • 
surge in ~ntaining an eTen pump speed, a steady :f'low of fluid,. reducing un-
' 
necessary and dangerous vibrations from the line, and establishing a constant 
power requirement •. 
There ean be little doubt as to the importance of removing surges from 
pumping units even if the only incentive is eoononw. The results of this in-
vestigation substantiated the evidence that reciprocating ~ges e.f.feet all 
o~erational. ehara~te~istics of a piston pump and should be removed by in-
stalling an\effeetiTe. desurger. 
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The material eontained in this report should warrant the attention of 
persons eonneoted with the following interests: (1) pump maintenance, because 
of excessive stresses produced by vibrations and high pressures; (2) pump de-
signers, because of the change in pump characteristics due to varying the 
snrge; (3) pump installation crews, because efficient pipe layout is important 
in reducing effects of secondary surges; (4) electric companies, because of 
the extra problems involved in a surging power requirement; and (5) pump oper-
ators, because high surges reduce pump efficiency and hence the unit economyo 
CHAPTER IX 
RESULTS AND CONCLUSION 
The several graphs presented in this report illustrate very effectively 
the manner in whieh the operation of a piston pump is affected by reciprocat-
ing surges., It can be noted from Fig,. 15 that an increase in the magnitude 
of the discharge surge will cause a decided increase in the amount of power 
required for a given average discharge pressureo Figure 13 is a series of 
curves that represent the rate of flow plotted against average discharge 
pressure for all measured surges., These curves show that the rate o.f flow 
from the pump will decrease with an increase in surge pressure., Since the 
mechanical efficiency of the pump varies directly with input power and the 
rate of flow, it is evident that these two important factors contribute to 
decrease the mechanical efficiency (Fig .. 18) of the unit with an increase of 
surge pressureo 
The accurate measurement of the rate of flow for this investigation was 
difficult to achieve~ This would be unimportant for a large capacity pump 
but with a small pump the percent error is increased for small quantities of 
fluid flowing., 
Figu.re 17 shows the variation in volumetric efficiency as a result of 
increasing the average discharge pressu.re or the magnitude of the surge., The 
effect realized in this case is eharacteristie of a particuJ.ar purnp, suction 
pipe, prunp speed., and flywheel effect. The reason proposed for the increase 
in volumetric effic.ieney with an increase in surge for a particular test 
pump, is that the higher surge on the discharge side will help close the dis-
charge valve tight and thus prevent any loss of .fluid back into the cylinder .. 
Where the high surge is not experienced,, the valve will not be closed as fast 
and some fluid w·lll be lost because of the differential pressure between the 
55 
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discha.rge line a11d the pump cylinder.. If this reasoning is plausible, it 
would be possible to install a spring that 1,10uld reverse the trend obtained .. 
Due to the fact that the change in volumetric efficiency was so small and there 
were so many factors involved, it is felt, that the result of this phase of the 
investigation is inconclusiveo A factor neglected in calculating the volumetric 
efficiency was the volume occupied by the piston rod inside the cylinder on the 
return stroke,, This has the effect of lowering the volun1etrie efficiency,, 
Figure 16 shows that as the pressure surge increases the surge of the 
power supply also increases.. At high surge pressures this power variation 
becomes an important aspect., On large power pumps a condition of a surging 
power requirement would certainly be significant o If the test pump had been 
equipped with a heavy flywheel.this power surge would not have been as large 
but such a flywheel would give a more positive action to the pump and would 
change the character of the pressure surges by increasing the magnitude of 
the surge. 
Figure 14 shows p~ speed plotted against discharge pressure. As e:x:-
pected, the increase in surge pressure causes a definite decrease in pump 
speed; also, pump speed is considerably reduced with an increase in average 
discharge pressure~ The omi.ssion of the belt slip in the calculations of 
pump speed, would not affect the power transmitted by more than two percent 
according to reliable authorities and in hydraulic calculations can be con-
sidered negligil:ile"' 
In order to simulate conditions that would be in field 
practice, some parts of the tests were not conducted in the usual testing 
manner; for e:xa:rnple, instead of maintaining the customary constant pmllp s-~Jeed, 
it was allowed to change 'With the other variable factors,, some 
5? 
of the results may appear to be exaggerated when compared with values not ob-
tained in this manner. 
' 
The results of this investigation in the estimation of the author have 
.been very successful and should help to substantiate in the.miµds of concerned 
individuals the range of factors that are unmistakably effected by both re-
ciprocating and reflecting surges. It is true that the values obtained using 
the small test pump in this investigation would not be comparable with data 
obtained from large multi-cylinder high speed pumps; but there can be no 
question as to the effect of surges on such items as variation in power supply, 
rate of flow, pump speed, and the efficiency of the pumping unit. 
It would be infeasible to predict an accurate improvement in every pump 
based on the results of this report. The importance of tests of this nature 
is to obtain trends of variable factors and the magnitude of operational data 
for proving the existence of the phases investigated. There is, however, every 
indi,'cation that substantial savings and improved performance would justify in-
' 
stalling equipment to ·reduce surges to a minimum. 
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